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Shear reinforcementAbstract Punching shear reinforcement systems such as studs and stirrups are used to improve the
punching shear strength of ﬂat slabs. A three dimensional ﬁnite element model (FEM) is developed
through Ansys 10 computer software, to carry out the nonlinear analysis of 16 ﬂat-slab models with
and without punching shear reinforcement. Several important parameters are incorporated in the
analysis, namely the column size, the slab thickness and the punching shear reinforcement system
in order to study their effects on the ﬂat slab behavior. A parametric study was carried out to look
at the variables that can mainly affect the mechanical behaviors of the model such as the change of
loading types and positions and slab with openings. Good correlation is observed between the
results of the proposed model and other experimental one, resulting in its capability of capturing
the fracture of ﬂat slab under punching shear behavior to an acceptable accuracy.
 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Punching shear reinforcement is an efﬁcient way to increase
not only the strength but also the deformation capacity of
slab–column connections. However, the analysis of such a con-
nection is rather complex and includes several challenges. One
challenge is the difference in performance of different types of
punching shear reinforcement. Each type leads to a rather dif-ferent performance, largely depending on the anchorage condi-
tion of the shear reinforcement system and the distribution of
the shear reinforcement.
Moreover, the amount and the arrangement of the shear
reinforcement do not only inﬂuence the performance but also
deﬁne the failure mode. Consequently, the punching strength
depends on various parameters that have to be investigated
individually.
The following brief summary presents the main develop-
ments of research on the punching of ﬂat slabs with punching
shear reinforcement. Kinnunen and Nylander [1] developed
an approach that concentrates on the mechanical properties
of slabs without punching shear reinforcement at failure crite-
ria. Moreover, it served as the basis for other researchers who
implemented punching shear reinforcement. Andersson [2]
introduced another approach that considers shear reinforce-
ment. In the tests that he performed for the model validation,
he used bent-up bars and continuous stirrups as punching shear
Nomenclature
bo perimeter of critical section set at d/2
c side length of column
d effective depth (distance from extreme compres-
sion ﬁber to centroid of longitudinal tensile rein-
forcement)
dg maximum diameter of aggregate
dgo reference aggregate size (16 mm)
dt diameter of shear reinforcement
h slab thickness
fc average compressive strength of concrete (mea-
sured on cylinders)
fy yield strength of ﬂexural reinforcement
fyt yield strength of shear reinforcement
h slab thickness
ht stud length, length of vertical branch of stirrup
nr number of radii of shear reinforcement
ns number of shear reinforcements per radius
q punching shear distributed load
So distance measured with respect to slab plane be-
tween border of support region and ﬁrst shear stud
S1 distance measured with respect to slab plane be-
tween two adjacent studs of same radius
St distance measured with respect to slab plane be-
tween two adjacent vertical branches of stirrups
V punching shear concentrated load
w vertical displacement
Dh change in slab thickness
Dw vertical displacement due to shear deformations at
column face
et strain in shear reinforcement
q ﬂexural reinforcement ratio
qt shear reinforcement ratio
w maximum slab rotation
736 A.M. Mahmoudreinforcement. Hawkins [3] published a paper presenting an
overview of tests performed with different punching shear rein-
forcement systems such as steel heads, bent-up bars, and stir-
rups. He concluded that shear reinforcement increases the
punching strength even for small slabs and that the detailing
is crucial to increase the strength and to avoid undesired failure
modes. Dilger and Ghali [4] focus on improving existing shear
reinforcement systems, which were at this time generally bent-
up bars or different types of stirrups. They found that the
anchorage conditions of the shear reinforcement are crucial.
This research was accompanied by the development of the
shear friction model that was ﬁrst developed for shear in beams
as illustrated by Loov [5], Tozser [6], and later applied for slab–
column connections as indicated by Dechka [7] and Birkle [8].
Shehata [9], Shehata and Regan [10], and Shehata [11] devel-
oped a model for slabs without shear reinforcement that was
based on the approach of Kinnunen and Nylander. Gomes
and Regan [12,13] extended Shehata’s model by implementing
the contribution of the shear reinforcement. Further research
has been conducted by Regan and Samadian [14] and Oliveira
et al. [15] who continued their work leading to several recent
publications introduced by Trautwein et al. [16] and Carvalho
et al. [17] about punching tests with shear reinforcement. Chana
and Desai [18] and Chana [19] performed an extensive
experimental campaign of punching shear tests with shear rein-
forcement. Thereby, they tested slabs with conventional shear
links and slabs with a special shear reinforcement system con-
sisting of links welded together to a cage (known as ‘‘s-
hearhoop’’ system). Broms [20,21] presented a further
development of the model of Kinnunen and Nylander and
introduced a combination of stirrups and bent-up bars as
punching shear reinforcement. In 2005, he summarized a main
part of his earlier work in his dissertation treating design meth-
ods for punching of ﬂat slabs and footings with and without
shear reinforcement; Broms [22]. The research group of Hegger,
Hegger et al. [23], Hegger et al. [24], Hegger et al. [25], Hegger
et al. [26], Siburg and Hegger [27] performed extensiveexperimental research on punching of ﬂat slabs and founda-
tions and thoroughly investigated the structural behavior of
slabs with and without punching shear reinforcement. With
respect to punching of slabs with punching shear reinforce-
ment, the dissertations written by Beutel [28] and Hausler [29]
contributed largely to the understanding of the ﬂat slab behav-
ior. Other recent experimental research has been performed by
Vollum et al. [30] in which the arrangement of the punching
shear reinforcement was investigated. Ruiz and Muttoni [31]
introduced a physical model based on critical shear crack the-
ory (CSCT) that allows one to estimate, on a rational basis,
the contributions of concrete and of shear reinforcement to
the punching shear strength. This approach allows to account
for the layout of shear reinforcement as well as the diameter,
bond conditions, reinforcement ratio, and other mechanical
and geometrical parameters. Ruiz et al. [32] performed exten-
sive research on the results of an experimental campaign on
16 ﬂat-slab specimens with and without punching shear rein-
forcement. The tests aimed to investigate the inﬂuence of a
set of mechanical and geometrical parameters on the punching
shear strength and deformation capacity of ﬂat slabs supported
by interior columns. The test results were compared with refer-
ence to design codes (ACI 318-08 and EC2) and the mechanical
model of the critical shear crack theory (CSCT). Micallef et al.
[33] introduced an analytical model based on the critical shear
crack theory which can be applied to ﬂat slabs subjected to
impact loading. This model is particularly useful for cases such
as progressive collapse analysis and ﬂat slab–column connec-
tions subjected to an impulsive axial load in the column.
The objective of the current paper was to demonstrate a
proposed analytical ﬁnite element model of ﬂat slab structures
to estimate the initiation of punching shear failure of tested
specimens produced by Ruiz et al. [32], through Ansys 10.
The analytical model and the results of system level study
can be of interest in assessing progressive collapse resistance
of existing structures that contain ﬂat slabs with interior col-
umns and in design of new structures.
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Figure 3 Solid45 – 3D solids modeling.
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Figure 6 Geometry of quarter of full slab for Ansys modeling.
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The aim of this research was to address a better analytical
understanding of punching of ﬂat slabs with shear reinforce-
ment. Thereby, the focus should be set on the analysis of the
maximum increase in strength and rotation capacity due to
punching shear reinforcement. Therefore, the principal aim
was the nonlinear ﬁnite element analysis of ﬂat slabs with large
amounts of punching shear reinforcement. Within this frame-
work, several aspects should be investigated such as the load–
deformation response of the slab, the failure mechanism, and
the load contribution of the shear reinforcement. Based on this
investigation, a simpliﬁed analytical model through Ansys 10
software is developed in order to enable the prediction of the
punching shear strength and the rotation at failure. Its results
are compared with the previously investigated experimentalmodels introduced by Ruiz et al. [32]. The results demonstrate
a better approximation for the failure criteria in both cases.
3. Methodology and the analytical model
The objective of this section is to describe the ﬁnite element
model features common to ﬂat slab models being considered.
The Ansys 10 ﬁnite element package was used to carry out
the modeling. The applied load was iterated step by step using
the Newton–Raphson method.
(a)
(b)
Figure 7 Arrangement of punching shear reinforcement systems.
738 A.M. MahmoudSolid65 element was used to model the concrete. This ele-
ment has eight nodes with three degrees of freedom at each
node translations in the nodal x, y, and z directions. The ele-
ment is capable of plastic deformation, cracking in three ortho-
gonal directions, and crushing. A schematic of the element was
shown in Fig. 1. A Link8 element was used to model steel rein-
forcement. This element is a 3D spar element and it has two
nodes with three degrees of freedom translations in the nodal
x, y, and z directions. This element is capable of plastic defor-
mation and element was shown in Fig. 2. An eight-node solid
element, Solid 45, was used to model the steel plates under the
load. The element is deﬁned with eight nodes having three
degrees of freedom at each node in the nodal x, y, and z direc-tions. The geometry and node locations for this element type
are shown in Fig. 3.
The stud elements were modeled as beam elements with
Beam188 element as shown in Fig. 4. This type of beam ele-
ment has a linear or quadratic node, with six degrees of free-
dom at each node; these include translations in the x, y, and
z directions and rotations about the x, y, and z directions. Spe-
cial features of the Beam188 element are the elasticity and
isotropic hardening plasticity models. Although this beam ele-
ment is well suited for linear, large rotation, and/or large strain
nonlinear applications, include stress stiffness terms. The stress
stiffness terms provided enable the elements to analyze ﬂex-
ural, lateral and torsional stability problems.
Table 1 Main parameters of the proposed models.
Series number Model h (m) c (m) d (m) Fc
a (t/m2) q% Fy (t/m
2) qt% Fyt (t/m
2) Shear Rft. system
Series 1 PL1 0.250 0.13 · 0.13 0.193 3620 1.63 58,300 0.0 0.0 None
PL6 0.250 0.13 · 0.13 0.193 3660 1.59 58,300 1.01 51,900 Studs
PF1 0.250 0.13 · 0.13 0.209 3110 1.50 58,300 0.79 53,600 Stirrups
PV1 0.250 0.26 · 0.26 0.210 3400 1.50 70,900 0.0 0.0 None
PL7 0.250 0.26 · 0.26 0.197 3590 1.59 58,300 0.93 51,900 Studs
PF2 0.250 0.26 · 0.26 0.208 3040 1.51 58,300 0.79 53,600 Stirrups
PL3 0.250 0.52 · 0.52 0.197 3650 1.59 58,300 0.0 0.0 None
PL8 0.250 0.52 · 0.52 0.200 3600 1.57 58,300 0.85 51,900 Studs
PF3 0.250 0.52 · 0.52 0.209 3710 1.50 58,300 0.79 53,600 Stirrups
Series 2 PL4b 0.320 0.34 · 0.34 0.267 3050 1.58 53,100 (u20) 0.0 0.0 None
PL4c 0.320 0.34 · 0.34 0.267 3050 1.58 58,000 (u26) 0.0 0.0 None
PL9b 0.320 0.34 · 0.34 0.266 3210 1.59 53,100 (u20) 0.93 51,600 Studs
PL9c 0.320 0.34 · 0.34 0.266 3210 1.59 58,000 (u26) 0.93 51,600 Studs
PF4b 0.320 0.34 · 0.34 0.274 3740 1.54 53,100 (u20) 0.79 55,000 Stirrups
PF4c 0.320 0.34 · 0.34 0.274 3740 1.54 58,000 (u26) 0.79 55,000 Stirrups
PL5 0.400 0.44 · 0.44 0.353 3190 1.50 58,000 0.00 0.0 None
PL10 0.400 0.44 · 0.44 0.343 3300 1.55 58,000 0.82 56,300 Studs
PF5 0.400 0.44 · 0.44 0.354 3340 1.50 58,000 0.79 55,000 Stirrups
Series 3 PL11 0.250 0.26 · 0.26 0.201 3420 1.56 55,400 0.23 59,200 Studs
PL12 0.250 0.26 · 0.26 0.201 3460 1.56 55,400 0.47 59,200 Studs
a The compressive strength for all models was determined on cylinders with a height of 0.32 m and a diameter of 0.16 m at 14 days, 28 days,
and the day of testing.
b The ﬂexural reinforcement consisted of bars with a diameter of 20 mm.
c The ﬂexural reinforcement consisted of bars with a diameter of 26 mm.
Finite element implementation of punching shear behaviors in shear-reinforced ﬂat slabs 739All these full models had plan dimensions of 3.0 · 3.0 m
and a constant ﬂexural reinforcement ratio of 1.5%. The rein-
forcement layout was orthogonal and parallel to the slab
edges. The geometry of the model is shown in Fig. 5. In order
to save Ansys 10 – computational time signiﬁcantly, a quarter
of full ﬂat slabs have been modeled as shown in Fig. 6. All the
investigated slabs supported by square columns with con-
straints at edges ad and ab in the directions x and y only. In
addition, edges cd and cb were free of constraints as indicated
in Fig. 6. Thus, the research concerns solely symmetrically
loaded slabs that were not subjected to membrane forces.
The shear reinforcement considered was limited to vertical
shear reinforcement systems such as corrugated studs and
cages of continuous stirrups. Fig. 7a and b illustrates the two
shear reinforcement systems. Three series of ﬂat slab were
investigated. In a ﬁrst series, the column size c was varied
(130 mm, 260 mm, and 520 mm), whereas the slab thickness
h was kept constant (250 mm). In a second series, the slab
thickness h was varied (250 mm, 320 mm, and 400 mm) where-
as the column size to effective depth ratio c/d was kept con-
stant. In a third series, the amount of shear reinforcement
was varied (0.47% and 0.23%). In this series, the thickness
(h= 250 mm) and the column size (c= 260 mm) were kept
constant. The main parameters of the slab models are summa-
rized in Table 1. Their deﬁnitions are involved in the nomen-
clature section below. The shear studs were radially
arranged, whereby the number of studs in a row was deter-
mined so that no punching at the outer perimeter could occur.
The diameter and the number of radii were chosen so that the
shear reinforcement ratio was approximately equal except for
model PL11 and PL12, for which a quarter and a half of the
previous shear reinforcement ratios were used. Table 2presents the parameters of the corrugated studs. The cages of
continuous stirrups consisted of bent bars (10 mm). The spac-
ing between each vertical branch of the stirrups was constant
100 mm, leading to a constant shear reinforcement ratio.
One cage with dimensions 1200 · 1200 mm was placed at the
center of the slab surrounded by eight smaller cages with
dimensions 600 · 600 mm to prevent a failure at the outer
perimeter of the shear reinforced area. Table 3 shows the para-
meters of the continuous stirrups for each model. The intro-
duced loads were distributed by eight steel plates.
For all patterns, and for the ﬂexural reinforcement, steel
with an average yielding strength ranging between 53100 and
58,300 t/m2 was used. For the punching shear reinforcement,
the studs consisted of steel with an average yielding strength
ranging between 51,600 and 59,100 t/m2, whereas the stirrups
consisted of steel with an average yielding strength ranging
between 53,600 and 55,000 t/m2.
4. Validation of the analytical model
The comparison of the results from the analytical model to the
experimentally obtained results enables the validation of the
performance of the proposed model. The comparison consists
of the tests performed by Ruiz et al. [32] and the results intro-
duced by the proposed ﬁnite element model. The performance
of the proposed model with respect to the inﬂuence of different
parameter, namely the column size, the slab thickness and the
shear reinforcement system (studs and stirrups) was investigat-
ed. The proposed model delivered valuable outputs concerning
the behavior of the ﬂat slab such as load, the rotations of the
slab, the change in slab thickness, and strains in the shear
reinforcement.
Table 2 Parameters of corrugated studs.
Model dt (m) So (m) S1 (m) nr ns qt% ht (m)
PL6 0.014 0.080 0.160 12 6 1.01 0.215
PL7 0.014 0.080 0.160 16 7 0.93 0.215
PL8 0.014 0.080 0.160 24 7 0.85 0.215
PL9 0.018 0.100 0.200 16 6 0.93 0.285
PL10 0.022 0.130 0.260 16 5 0.82 0.365
PL11 0.010 0.080 0.160 8 7 0.23 0.215
PL12 0.010 0.080 0.160 16 7 0.47 0.215
Table 3 Parameters of cages of continuous stirrups.
Model dt (m) St (m) qt% ht (m)
PF1 0.010 0.100 0.79 0.200
PF2 0.010 0.100 0.79 0.200
PF3 0.010 0.100 0.79 0.200
PF4 0.010 0.100 0.79 0.270
PF5 0.010 0.100 0.79 0.345
740 A.M. Mahmoud4.1. Propagation of the cracking patterns
Figs. 8a–8c illustrate the crack pattern at the section along the
axis after punching failure, obtained by both the proposed and
experimental approaches for all models. As observed fromboth,
the inclination of the failure surface was steep for models withPL3
PL4
PL5
PV1
PL1
Experimental
Figure 8a Proposed and experimental cracking patterns after punch
system.large amounts of shear reinforcement and particularly for mod-
els with studs, and was ﬂatter for lower amounts of shear rein-
forcement and for models with stirrup cages. Good agreement
is observed with available crack patterns for both approaches.
4.2. Strength and rotation capacity
Tables 4 and 5 show the signiﬁcant comparison of the punch-
ing shear strength and rotation capacity respectively. The
results obtained by the proposed model are directly compared
to the results obtained experimentally by Ruiz et al. [32]. An
increase in the proposed strength capacity values of
approximately 22% compared to the experimentally obtained
one is observed. In addition, a reduction in the proposed rota-
tion capacity values of approximately 35% is concluded. Good
agreement is noticed between the values of the two approach-
es. Fig. 9 shows the proposed vertical displacement value
obtained from Ansys program. This result concerns to the
model PL3 as an example for the other models.
4.3. Load–rotation relationship
The load–rotation curves analyze the different performance of
the ﬂat slab model with respect to the strength and rotation
capacity. Figs. 10a–10h show the load–rotation curves of slabs
with and without shear reinforcement of both proposed and
experimental approaches, involving the inﬂuence of differentProposed
ing failure for the case of without punching shear reinforcement
PF1
PF2
PF3
PF4
PF5
ProposedExperimental
Figure 8b Proposed and experimental cracking patterns after punching failure for the case of stirrups punching shear reinforcement
system.
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shear reinforcement system (studs and stirrups).
4.3.1. Column size
Figs. 10a–10c show the inﬂuence of the column size. A reduc-
tion in the proposed rotation values of approximately 38%
compared to the experimentally obtained one is gained.
4.3.2. Slab thickness
Fig. 10d–10f shows the effect of the slab thickness. A reduction
in the proposed rotation values of approximately 36% com-
pared to the experimentally obtained one is observed.
4.3.3. Amount of shear reinforcement
Fig. 10g and 10h shows the inﬂuence of the amount of shear
reinforcement. A reduction in the proposed rotation values
of approximately 39% compared to the experimentally
obtained one is remarked.It can be noticed that the punching shear capacity values
increase as either the column size or slab thickness or amount
of shear reinforcement increase.
4.4. Normalized load–rotation relationship
Figs. 11a–11e show the normalized load–rotation curves of
selected ﬂat slabs with and without shear reinforcement. Both
proposed and experimental approaches are included. These ﬁg-
ures investigate the individual effects of several parameters
such as varying shear reinforcement system, column size, depth
of the slab, and amount of shear reinforcement.
4.4.1. Performance of the shear reinforcement
Fig. 11a shows the inﬂuence of varying shear reinforcement
system. It can be observed that the strength and the rotation
capacity signiﬁcantly increases if shear reinforcement is pro-
vided. Also, the slabs with studs showed a higher strength
PL6
PL7
PL8
PL9
PL10
PL11
PL12
ProposedExperimental
Figure 8c Proposed and experimental cracking patterns after punching failure for the case of studs punching shear reinforcement
system.
742 A.M. Mahmoudand a larger rotation capacity than slabs with stirrups. A
reduction in the proposed normalized rotation values of
approximately 35% compared to the experimentally obtained
one is gained.
4.4.2. Column size
Fig. 11b shows the inﬂuence of column size. A reduction in the
proposed normalized rotation values of approximately 38%
compared to the experimentally obtained one is observed.
4.4.3. Depth of slab
Fig. 11c shows the inﬂuence of depth of slab. A reduction in
the proposed normalized rotation values of approximately
37% compared to the experimentally obtained one is obtained.4.4.4. Amount of shear reinforcement
Finally, Fig. 11d and 11e shows the inﬂuence of amount of
shear reinforcement. A reduction in the proposed normalized
rotation values of approximately 40% compared to the
experimentally obtained one is remarked.
4.4.5. Shear deformations at column face
The shear deformations at the column face can be estimated
from the obtained displacement at the bottom side of the slab
at points A, B and C as indicated in Fig. 12. By an extrapola-
tion of the displacements, one can obtain the shear deforma-
tions at the column face from the following equation:
Dw ¼ ðwc  waÞ  ðwc  waÞ
xo
 x1 ð4:1Þ
Table 5 Comparison of the punching shear rotation capacity results at collapse.
Series number Specimen number Rotation capacity % Diﬀerence
Proposed Experimental
Series 1 PL1 0.0040 0.0060 33.33
PL6 0.0080 0.0130 38.46
PF1 0.0055 0.0065 15.38
PV1 0.0040 0.0065 38.46
PL7 0.0033 0.0047 29.79
PF2 0.0055 0.0076 27.63
PL3 0.0085 0.0095 10.53
PL8 0.0110 0.0167 34.13
PF3 0.0140 0.0468 70.09
Series 2 PL4a 0.0090 0.0140 35.71
PL4b 0.0050 0.0140 64.29
PL9a 0.0090 0.0134 32.84
PL9b 0.0100 0.0186 46.24
PF4a 0.0140 0.0320 56.25
PF4b 0.0150 0.0250 40.00
PL5 0.0110 0.0262 58.02
PL10 0.0095 0.0262 63.74
PF5 0.0120 0.0180 33.33
Series 3 PL11 0.0080 0.0119 32.77
PL12 0.0140 0.0220 36.36
a The ﬂexural reinforcement consisted of bars with a diameter of 20 mm.
b The ﬂexural reinforcement consisted of bars with a diameter of 26 mm.
Table 4 Comparison of the punching shear load capacity results at collapse.
Series number Specimen number Load capacity (kN) % Diﬀerence
Proposed Experimental
Series 1 PL1 777.50 682.00 14.0
PL6 1567.50 1363.00 15.0
PF1 990.80 1043.00 5.0
PV1 1022.70 974.00 5.0
PL7 2127.60 1773.00 20.0
PF2 1755.00 1567.00 12.0
PL3 1522.60 1324.00 15.0
PL8 2639.50 2256.00 17.0
PF3 2578.30 2242.00 15.0
Series 2 PL4a 1896.30 1625.00 16.7
PL4b 1787.50 10.0
PL9a 3758.40 3132.00 20.0
PL9b 3915.00 25.0
PF4a 3200.40 2667.00 20.0
PF4b 3120.40 17.0
PL5 2366.50 2491.00 5.0
PL10 5816.20 5193.00 12.0
PF5 5188.70 4717.00 10.0
Series 3 PL11 1411.20 1176.00 20.0
PL12 1992.30 1633.00 22.0
a The ﬂexural reinforcement consisted of bars with a diameter of 20 mm.
b The ﬂexural reinforcement consisted of bars with a diameter of 26 mm.
Finite element implementation of punching shear behaviors in shear-reinforced ﬂat slabs 743where xo and x1 are as shown in Fig. 12. Figs. 13a–13e
show the normalized load–deformation curves for shear
deformations near the column face of selected ﬂat slabs
with and without shear reinforcement. The effects ofseveral individual parameters such as varying shear
reinforcement system, varying column size; varying slab
thickness; and varying shear reinforcement ratio are
investigated.
Maximum vertical displacement (w) = 0.01569 m
Maximum rotation (ψ ) = 0.01569/2.1 = 0.008 m
Maximum value
Figure 9 Proposed vertical displacement value of model PL3.
Figure 10b Load–rotation curve of selected models with varying
column size, case of with stirrups shear reinforcement.
Figure 10c Load–rotation curve of selected models with varying
column size, case of with studs shear reinforcement.
744 A.M. Mahmoud4.4.5.1. Varying shear reinforcement system. Fig. 13a shows the
inﬂuence of varying shear reinforcement system. It can be not-
ed that large shear deformations occur only if shear reinforce-
ment is present. An increase in the proposed normalized shear
deformation values at column face of approximately 27%
compared to the experimentally obtained one is obtained for
models PV1 and PL7. For model PF2, a reduction in the pro-
posed values of approximately 35% is observed.
4.4.5.2. Varying column size. Fig. 13b shows the inﬂuence of
varying column size. It can be noted that the slab with small
column dimensions showed a higher shear deformation values.
A reduction in the proposed normalized shear deformation
values at column face of approximately 20% compared to
the experimentally obtained one is observed.
4.4.5.3. Varying slab thickness. Fig. 13c shows the inﬂuence of
varying slab thickness. It can be observed that the stiffer the
slab is the smaller the normalized shear deformations are.
An increase in the proposed normalized shear deformationFigure 10a Load–rotation curve of selected models with vvalues at column face of approximately 19% compared to
the experimentally obtained one is gained for models PL7
and PL9. For model PL10, a reduction in the proposed values
of approximately 10% is observed.arying column size, case of without shear reinforcement.
Figure 10d Load–rotation curve of selected models with varying slab thickness, case of without shear reinforcement.
Figure 10e Load–rotation curve of selected models with varying
slab thickness, case of with stirrups shear reinforcement.
Figure 10h Load–rotation curve of models PL7 and PL12 with
varying amount of shear reinforcement, case of with studs shear
reinforcement.
Figure 10g Load–rotation curve of models PV1 and PL11 with
varying amount of shear reinforcement, case of with studs shear
reinforcement.
Figure 10f Load–rotation curve of selected models with varying
slab thickness, case of with studs shear reinforcement.
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shows the inﬂuence of varying shear reinforcement ratio. It
can be observed that the bigger the shear reinforcement ratios
are the bigger the normalized shear strength is. An increase in
the proposed normalized shear deformation values at columnface of approximately 22% compared to the experimentally
obtained one is remarked for models PL7 and PL11. For mod-
el PL12, a reduction in the proposed values of approximately
8% is observed.
Figure 11b Normalized load–rotation curve of selected models
with varying column size.
Figure 11a Normalized load–rotation curve of selected models
with varying shear reinforcement system.
Figure 11d Normalized load–rotation curve of models PV1 and
PL7 with varying amount of shear reinforcement.
Figure 11e Normalized load–rotation curve of models PL11 and
PL12 with varying amount of shear reinforcement.
Figure 11c Normalized load–rotation curve of selected models
with varying slab thickness.
Figure 12 Location of vertical displacement measurements for
calculation of shear deformations.
746 A.M. Mahmoud4.5. Opening of the shear cracks
The calculation of the change in slab thickness close to the col-
umn can be interpreted as the values of the opening of the
shear cracks. Fig. 14 shows the location of the thickness obser-vations obtained by Ansys 10. Fig. 15 shows the change of the
slab thickness as a function of the applied load for models with
the same geometries including both proposed and experimen-
tal approaches. Both trends were concluded that the model
without shear reinforcement experiences signiﬁcant changes
in thickness than the models with shear reinforcement due to
that this shear reinforcement controls the opening of the ﬁrst
cracks as they activate. An increase in the proposed change
in slab thickness values of approximately 53% compared to
the experimentally obtained one is obtained for models PL5
and PF5. For model PL10, a reduction in the proposed values
of approximately 8% is observed.
d
wΔ
All shear deformetions are at 
column face
Figure 13a Normalized load–shear deformation curve of selected models with varying shear reinforcement system.
d
wΔ
All shear deformetions are at 
column face
Figure 13c Normalized load–shear deformation curve of select-
ed models with varying slab thickness.
d
wΔ
All shear deformetions are at 
column face
Figure 13d Normalized load–shear deformation curve of models
PV1 and PL11 with varying amount of shear reinforcement.
d
wΔ
All shear deformetions are at 
column face
Figure 13b Normalized load–shear deformation curve of select-
ed models with varying column size.
All shear deformetions are at 
column face
d
wΔ
Figure 13e Normalized load–shear deformation curve of models
PL7 and PL12 with varying amount of shear reinforcement.
Finite element implementation of punching shear behaviors in shear-reinforced ﬂat slabs 7474.6. Strains in studs
The illustration of the strains in the studs for slab models at dif-
ferent load levels reveals the difference in behavior of these
investigated models. Fig. 16 shows the load–strain curves forthe studs for slab models with different amount of shear rein-
forcement involving both proposed and experimental approach-
es. A reduction in the proposed strain values of approximately
32% compared to the experimentally obtained one is observed.
Fig. 17 presents the proposed strain values in the studs for the
model PL7 as an example for the other models.
0.180 m
0.035 m
Column face
Figure 14 Location of the ﬂat slab thickness observation
obtained by Ansys 10.
748 A.M. Mahmoud5. Veriﬁcation of the analytical and experimental results
In comparison with the results from the tests performed by
Ruiz et al. [32], it can be noted that proposed results predict
somewhat identiﬁed punching strength values. The inﬂuenceFigure 16 Load–steel strain curve of selected mod
Figure 15 Load-change of slab thickness curve of selecof several different parameters such as the slab thickness, the
column size, and the shear reinforcement ratio was investigat-
ed as previously indicated. A chart package was constructed
for discussing this meaning numerically.
5.1. Discussion of slab thickness effect
Fig. 18 shows the normalized punching strength as a function
of the effective depth d. These punching strength values were
predicted analytically and experimentally. It can be noted that
a difference in strength between studs and stirrups can clearly
be appreciated, which is correctly acknowledged by the analy-
tical and the experimental approaches. An increase in the pro-
posed punching strength values of approximately 14%
compared to the experimentally obtained one is gained.
5.2. Discussion of column size effect
Fig. 19 shows the proposed and experimental values of the
normalized punching strength as a function of the ratio of
the column size to the effective depth c/d. Again, a difference
in strength between studs and stirrups can be clariﬁed for bothels with varying amount of shear reinforcement.
ted models with varying shear reinforcement system.
Maximam value of 
studs strain
Figure 17 Proposed studs stain values of model PL3.
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proposed punching strength values of approximately 14%
compared to the experimentally obtained one is observed.Figure 19 Curve normalized load in function of column size to
reinforcement system.
Figure 18 Curve normalized load in function of effective depth5.3. Discussion of shear reinforcement ratio effect
Fig. 20 shows the normalized proposed and experimental
punching strength as a function of the shear reinforcement
ratio. It can be observed that the larger increase of the strength
in the case of double headed studs compared to stirrups com-
plies with the proposed and the experimental results. A reduc-
tion in the proposed punching strength values of
approximately 10% compared to the experimentally obtained
one is gained.
6. Parametric studies
To further improve the understanding of the punching shear
strength of ﬂat slabs having interior columns, parametric stud-
ies were performed to investigate the impact of the presence of
openings in different sizes in certain places within the slabs,
upon the strength capacity of the models having punching
shear reinforcement. This study also contains the effect of
changing the place and the kind of the applying loads affecting
the surface of the ﬂat slabs, upon the collapse stage behaviors
of these elements.effective depth ratio c/d of selected models with varying shear
d of selected models with varying shear reinforcement system.
60 x 6040 x 4020 x 20L x L (cm)
 Asketch of a slab model with opening at the selected position
 Ansys modelling of the model PL3 with opening 40 x 40 cm
Opening size values
(a)
(b)
Figure 21 Geometry of quarter of full slab with opening for
Ansys modeling.
PL3 PV1 PF1 PF2 PL11 PL12
Without shear 
reinforcement
Stirrups shear 
reinforcement
Studs shear 
reinforcement
Figure 22a Curve varying shear reinforcement system in func-
tion of rotation capacity of selected models with openings.
PL3 PV1 PF1 PF2 PL11 PL12
Figure 22b Curve varying shear reinforcement system in func-
tion of strength capacity of selected models with openings.
Figure 20 Curve normalized load in function of shear reinforcement ratio qt of selected models with varying shear reinforcement system.
750 A.M. Mahmoud6.1. The inﬂuence of openings within the ﬂat slab
The case study under consideration involves the inﬂuence of
openings in a certain place within a ﬂat slab on its mechanical
and geometrical behaviors in the collapse stage, such as the
4
V
4
V
4
V
4
V
4
V
4
V
4
V
4
V
 Case of concentrated load affects the slab 
corners.
Case of concentrated load affects the midpoints 
of the slab
 Case of load regularly distributed on the four 
outer edges for flat slab.
 Case of load regularly distributed on the two 
outer facing edges only.
(b)(a)
(c) (d)
Figure 23 Cases of change the type and the location of the applied load.
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ducted on three proposed models of opening size 20 · 20 cm,
40 · 40 cm, and 60 · 60 cm respectively; their locations are as
indicated in Fig. 21a and b, taking into consideration the pres-
ence, or absence of the punching shear reinforcement (studs or
stirrups).
Fig. 22a compares the results obtained for the maximum
rotation values. Two models were selected without punching
shear reinforcement, namely PL3 and PV1. Two others were
chosen in order to experience the effect of the stirrups type
shear reinforcement system, namely PF1 and PF2, while theother models were selected considering the studs type shear
reinforcement, namely PL11 and PL12. It has to be noted that
in case of an increase of the opening size from 20 · 20 cm to
60 · 60 cm, the proposed maximum rotation values increase
by an amount of 43% in the case of without shear reinforce-
ment, and by an amount of 15% in the case of existing the stir-
rups shear reinforcement system. This increasing value is
become (3–16)% in the case of existing the studs shear rein-
forcement system. One can observe that the presence of the
shear reinforcement systems decreases the inﬂuence of the
opening size variation in the maximum rotation values, i.e.,
Figure 24a Curve varying shear reinforcement system in function of rotation capacity of selected models with varying applied loads.
Figure 24b Curve varying shear reinforcement system in function of strength capacity of selected models with varying applied loads.
752 A.M. Mahmoudenhance the change of the rotation capacity values due to the
variation of the opening size.
Fig. 22b compares the results obtained for the load carrying
capacity values. It has to be observed that in case of an
increase of the opening size from 20 · 20 cm to 60 · 60 cm,
the failure load values decrease by an amount of 9% in the
case of without shear reinforcement, and by an amount of
(8–15)% in the case of stirrups and studs shear reinforcement
system. This means that the presence of the shear reinforce-
ment systems has a minor effect on the strength capacity values
due to the opening size variation. In addition, the case of with-
out openings has the largest values of the strength capacity.
6.2. The inﬂuence of changing the place and the kind of the
applying loads
As above, the effect of changing the location and the type of
the applying load on behaviors of the collapse stage for ﬂat
slabs is investigated. There are four cases to change the loca-tion and the type of the applied load involved in this study
as presented in Fig. 23a and b. The ﬁrst case is when the load
status affects the slab corners. The second situation is when the
applied load status affects the midpoints of the slab. The third
case is when there is a load regularly distributed on the four
outer edges for ﬂat slab. The fourth case is when there is a load
regularly distributed on two outer facing edges only.
Fig. 24a presents a comparison of the results of the rotation
capacity values. The same above six models were involved as
indicated in the previous section. It has to be noted that in
comparison with the four suggested cases of loading, the case
of the applied load status affects the midpoints of the slab had
the minimum values of the rotation capacity for all investigat-
ed models. In contrast, the case of load status affects the slab
corners obtained the maximum one. The difference between
the observed maximum and minimum rotation capacity
reached a value of (60–74)% of the models without shear
reinforcements, and reached a value of 48% for the model with
the stirrups shear reinforcement system. This value reached
Finite element implementation of punching shear behaviors in shear-reinforced ﬂat slabs 753(46–62)% for the model with studs shear reinforcement sys-
tem. Again, this leads to the fact that these differences were
reduced due to the existence of the punching shear reinforce-
ment systems (Stirrups or studs), and consequently the rota-
tion capacity behavior was enhanced.
Fig. 24b compares the results obtained for the strength
capacity values. It has to be noted that in comparison with
the four suggested cases of loading, the case of load status
affects the slab corners had the minimum values of the
strength capacity for all investigated models. In contrast,
the case of the applied load status affects the midpoints of
the slab obtained the maximum one. The difference between
the observed maximum and minimum strength capacity
reached a value of (6–12)% for the models without shear
reinforcements. A value of (5–11)% for the model with the
stirrups shear reinforcement system was observed. This value
reached (13–22)% for the model with studs shear reinforce-
ment system resulting in a signiﬁcant difference compared
to the others.7. Conclusions
The observations during the ﬁnite element proposed model
delivered valuable information concerning the behavior of
the ﬂat slab taking into consideration the performance of the
punching shear reinforcement.
Based on the ﬁnite element numerical study and the
experimentally available results, the following conclusions
can be drawn:
1. A numerical proposed model based on the ﬁnite element
theory can be used to investigate the punching shear
strength in ﬂat slabs with ﬂexural and punching shear rein-
forcement, leading to a good agreement when comparing to
available full-scale test data.
2. The comparison of the crack patterns obtained by the pro-
posed and experimental models leads to an identical crack
propagation for the two approaches up to failure. The incli-
nation of the failure surfaces and the concentration of
cracks in the tension, compression, and shear zones of all
ﬂat slab models were the same in both patterns.
3. An increase in the proposed strength capacity values of
22% compared to the experimentally available data was
concluded, leading to a good agreement between them.
4. This study involves a campaign of the load–rotation and
the normalized load–rotation curves prepared analytically
with the proposed model and compared experimentally,
in order to improve the performance of the ﬂat slab with
respect to the punching strength and the deformation capa-
city. Several parameters such as the column size, the slab
thickness, and the shear reinforcement system were includ-
ed to demonstrate their effects individually. Compared to
the available experimental data, all the analytical results
were seemed to be reasonable, except the case of the inﬂu-
ence of shear reinforcement amount, a reduction 40% was
observed in the proposed load–rotation values, leading to
somewhat non-agreeing values.
5. All models without shear reinforcement experience sig-
niﬁcant changes in thickness than the models with shear
reinforcement due to that this shear reinforcement controls
the opening of the ﬁrst cracks as they activate. Agreeableproposed and experimental results were achieved for the
values of the opening of the shear cracks and the strains
in studs.
6. Parametric studies were performed to investigate the impact
of the presence of openings in different sizes in certain place
within the models, and the effect of changing the place and
the kind of the applying loads affecting their surfaces.
These studies were carried out to look at the effect of these
variations on the strength and the rotation capacity of the
ﬂat slabs.
7. It can be noted that in this case of study, the presence of
the shear reinforcement systems decreases the inﬂuence of
the opening size variation in the maximum rotation val-
ues, i.e., enhance the rotation capacity values due to the
variation of the opening size. In addition, it has a
minor effect on the strength capacity values due to the
opening size variation. Moreover, the case of model with-
out openings has the largest values of the strength
capacity.
8. In comparison with the four suggested cases of loading
involved in the parametric study, the case of the applied
load status affects the midpoints of the slab had the mini-
mum values of the rotation capacity for all investigated
models. In addition, this case of loading achieved the max-
imum strength capacity values.
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